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Abstract 
Increasing energy demand and concern about increased greenhouse gas emissions make lignocellulosic biomass increasingly to 
be recognized as having great potential for biofuel and biomaterial production based on the biorefinery concept. Oil Palm Empty 
Fruit Bunches (EFBs) is one of the major solid wastes in the palm oil industries as a source of lignocellulosic biomass. Cellulose 
is the highest component of EFBs that can be converted to ethanol. The aim of this research was to investigate the different 
strategies for high substrate loading on SSF process of bioethanol production from EFBs. Increasing substrate loading is one of 
the most important challenges to make bioethanol production more economical. This research used two methods to increase the 
substrate concentration loading on Simultaneous Saccharification and Fermentation (SSF) i.e: direct variation of substrate 
concentration loading and substrate loading gradually to obtain a high-concentration substrate. A range of substrate loading was 
from 15% to 25% (g.mL-1). The SSF process was carried out at 32oC, pH 4.8, and 150 rpm for 72 hours. The result shows that the 
highest concentration of ethanol can be produced by a high concentration of substrate loading gradually. The highest ethanol 
concentration was 83.40 g.L-1 (80.21% ethanol yield) by using 25% (g.mL-1)substrate loading gradually, 18 FPU/g substrate 
enzyme Cellic® Ctec2 and 20% Cellic® Htec2 (based on volume of Cellic® Ctec2), and 1% (g.mL-1) yeast Saccharomyces 
cereviceae in SSF process. Whereas, 20% (g.mL-1) concentration substrate loading by directly or gradually produce almost same 
ethanol concentration. 
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1. Introduction 
Energy supply not only affects nation’s energy security, but also affects sustainable development. The global rise 
in energy demand and concern about increased greenhouse gas emissions make lignocellulosic biomass increasingly 
to be recognized as having great potential for biofuel and biomaterial production based on the biorefinery concept 
[1]. The advantages of lignocellulosic biomass as potential energy sources are their neutral carbon balance, 
renewable character, large availability, independence of geographic location and improvement of local economy 
derived from cultivation [2]. The chemical components of lignocellulosic biomass are cellulose, hemicellulose, and 
lignin. Cellulose and hemicellulose can be converted to sugars (C-6 and C-5) through biological or chemical 
conversion, and these sugars can be fermented to ethanol or other valuable chemicals [3]. However, lignin is a 
polymer of phenolic nature became an inhibitor of enzymatic reactions. Lignin not only prevents cellulase from 
forming cellulose but also adsorbs the enzyme, thereby inactivating it for cellulose hydrolysis [4]. One of the largest 
lignocellulosic sources in Indonesia is wastes from oil palm industry, such as oil palm empty fruit bunches (EFBs) 
or frond. Oil palm production in Indonesia increased from 17.54 million tons in 2008 to 23.52 million tons in 2012 
[5]. The dry weight of EFBs is about 8% of the dry weight of FFB (Fresh Fruit Bunches) [6], or 39% of the weight 
of CPO produced [7]. The chemical component of EFBs is 44.21% cellulose, 16.68% hemicelluloses and 35.51% 
lignin [8]. Cellulose is the highest component of EFBs that can be converted to ethanol. 
The production of second generation bioethanol from lignocellulosic can be carried out by three major step, i.e: 
pretreatment of raw material, enzymatic hydrolysis of cellulose to sugars, and biological conversion of sugars to 
ethanol [9]. Pretreatment process is crucial for achieving effective hydrolysis of substrates. Mechanical 
pretreatments or fractionation of lignocellulosic in aqueous alkali and acid to improve the enzymatic accessibility 
[10]. Hydrolysis and fermentation process can be achieved by several process strategies. They include separate 
hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation (SSF), and prehydrolysis and 
simultaneous saccharification and fermentation (PSSF) [11]. SHF involves two sequential step, enzymatic 
saccharification and fermentation that allows working at optimal operating conditions for enzyme and 
microorganisms. However, the products formed during the hydrolysis step in SHF, such as cellobiose and glucose, 
can inhibit the cellulase enzyme as well as the fermenting microorganisms. Whereas in SSF, glucose produced from 
hydrolysis is simultaneously metabolized by microorganism, thereby alleviating problems caused by product 
inhibition[12]. Moreover, the SSF process has other advantages such as reduced operation all costs, lower enzyme 
requirement and increased productivity [13].  
The economical processes are required in ethanol production from lignocellulosic. When the concentration of 
ethanol after fermentation is lower than 7 % (v/v), extensive energy must be consumed in subsequent distillation 
processes. However, it is difficult to produce ethanol with a concentration higher than 7 % (v/v) from lignocellulosic 
biomass through ordinary fermentation processes [14]. Increasing substrate loading in hydrolysis and fermentation 
step is one of the most important challenges produces ethanol more economical [15]. However, high substrate 
concentration has also causes a larger levels of inhibiting compounds [16], diffusional enzymes problems [17], end-
product inhibition [18],stirring and mixing limitations by viscosity increase[19] or possible mass transfer limitations 
appearing above 20% insoluble solids concentration [20]. Thus, in this study it will be investigated the different 
strategies for high substrate loading in SSF process of bioethanol production from EFBs. A range of substrate 
loading from 15% to 25% (g.mL-1) was investigated to determine its effect on ethanol concentration in SSF process. 
2. Materials and methods 
2.1. Materials 
In this study, oil palm empty fruit bunches (EFBs) fiber was collected from a Palm Oil Mill, Musi Banyuasin, 
South Sumatra, Indonesia. Enzymes (Cellic® Ctec2 and Cellic® Htec2) were provided by Novozymes Korea Ltd. 
The Cellic® Ctec2 was used for saccharification of cellulose into glucose. The β-glucosidase enzyme 
supplementation was not necessary due to the highactivity of β-glucosidase present in Cellic® Ctec2. The Cellic® 
Htec2 (hemicellulase enzyme) was added to hydrolyse the xylooligosaccharides and improve the cellulose 
saccharification. The cellulase activity of Cellic Ctec2 was measured by the Filter Paper assay [21]and was 
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expressed as Filter Paper Unit (FPU). The enzyme activity was 144 FPU/mLfor Cellic®CTec2. Commercial instant 
dry yeast Saccharomyces cereviceae were applied to the SSF process. 
2.2. Pretreatment Process 
EFBs fiber was dried and milled to a particle size ±3 mm, then treatedby 10% NaOH solutions. The ratio of 
NaOH solutions and EFBs was 5:1. Pretreatment process was carried out at temperatures 150oC and 4-7 kg/cm2 of 
pressure for 30 minutes. EFBs-treated was washed with water until neutral pH and dried to a moisture content below 
10%. 
2.3. SSF process of EFB-treated for high-concentration bioethanol production 
Ethanol was produced through SSF method. One method to produce high-concentration ethanol was by 
increasing the substrate concentration loading into SSF process. This research used two methods to increase the 
substrate concentration loading, i.e.: 
2.3.1. Variation of substrate concentration loading directly 
SSF was carried out in a250 mL Erlenmeyer flask in a shaking incubator (150 rpm, 32oC) for 72 h. The total 
volume of working slurry was 100 mL. The variations of substrate concentration loading were 15, 20, and 25% 
(g.mL-1,EFBs-treated dry based). EFBs-treated and 0.05 M buffer citrate (pH 4.8) were loaded in Erlenmeyer flask. 
The enzyme loading amount was 30 FPU/g substrate (Cellic® Ctec2) and 20% Cellic® Htec2 (this value was based 
on the amount of Cellic® Ctec2 loaded). The yeast loading amount was 1% (g.mL-1). Sample (1 mL) was withdrawn 
from SSF medium every 24 h, centrifuged and analyzed for glucose, xylose and ethanol. 
2.3.2. Substrate loading gradually to obtain a high-concentration substrate 
The initial concentration of substrate loading was 15% (g.mL-1). EFBs-treated and 0.05 M buffer citrate (pH 4.8) 
were loaded in Erlenmeyer flask. The enzyme loading amount was 30 FPU g/substrate (Cellic® Ctec2) and 20% 
Cellic® Htec2 (this value was based on the amount of Cellic® Ctec2 loaded). The yeast loading amount was 1% 
(g.mL-1). After 24 h of SSF process, substrate was added up to 20% and 25% g.mL-1 without the addition of enzyme 
and yeast. SSF was carried out in a250 mL Erlenmeyer flask using a shaking incubator (150 rpm, 32oC) for 72 h. 
Sample (1 mL) was withdrawn from SSF medium every 24 h, centrifuged and analyzed for glucose, xylose and 
ethanol. Flow chart of experimental set up can be seen in Fig. 1. 
2.4. Analytical methods 
Cellulose, hemicelluloses and lignin contents of EFBs-untreated and EFBs-treated were determined by the 
National Renewable Energy Laboratory (NREL) using standard biomass analytical procedures [22]. The 
composition of the product from SSF was determined by measuring glucose, xylose, and ethanol concentrations by 
high-performance liquid chromatography (HPLC). The HPLC (Waters, USA) system was equipped with a Bio-Rad 
Aminex HPX-87C column, a guard column, an automated sampler, a gradient pump, and a refractive index detector. 
The mobile phase was deionized water at a flow rate of 0.6 mL/min and oven temperature was maintained at 80°C. 
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Fig. 1. Flow chart of the experimental process 
2.5. Ethanol yield calculations 
Ψ݈݈ܿ݁ݑ݈݋ݏ݁ܿ݋݊ݒ݁ݎݏ݅݋݊ ൌ  ሾܧݐܱܪ ሿ݂ Ȃሾܧݐܱܪሿ݅ͲǤͷͳሺ݂ሾܾ݅݋݉ܽݏݏ ሿͳǤͳͳͳሻ ݔͳͲͲΨ (1) 
Where [EtOH]f is Ethanol concentration at the end of SSF (g/L), [EtOH]i is Ethanol concentration at the beginning 
of SSF (g/L) which is zero, [Biomass] is Dry biomass concentration at the beginning of SSF (g/L), f is cellulose 
fraction of dry biomass (g/g), 0.51 isconversion factor for glucose to ethanol based on stoichiometric biochemistry 
of yeast, 1.111 is converts cellulose to equivalent glucose. 
3. Results and discussion 
3.1. Characteristic of EFBs 
In bioethanol production based on lignocellulosic materials, which has sugars as intermediates, it needs to break 
down the feedstock’s structure and obtain sugars from cellulose and hemicellulose. Hence pretreatment is necessary 
to prepare the feedstock in order to improve conversion of sugars [23]. Removal of non-cellulose components by 
pretreatment is beneficial to increasing in cellulose content. In this study, EFBs was treated by alkali solutions (10% 
NaOH solutions).The chemical component of EFBs-untreated and EFB-treated used in this study was listed in Table 
1. 
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Table 1. Chemical Component of EFBs 
No. Component %EFB-untreated %EFB-treated 
1 Cellulose(a) 36.59 75.05 
2 Hemicellulose(a) 24.97 10.19 
3 Lignin 26.53 8.11 
4 Ash 1.79 2.22 
5 Extractive 10.12 4.44 
 
Pretreatment using alkali solutions such as NaOH, Ca(OH)2 or ammonia can remove lignin and a part of 
hemicelluloses, and efficiently increase the accessibility of enzyme to cellulose [25]. The mechanism of alkaline 
pretreatment is believed to be saponification of intermolecular ester bonds crosslinking xylan hemicelluloses and 
other components, for example, lignin and other hemicellulose. The porosity of the lignocellulosic materials 
increases with the removal of the crosslinks [26]. Based on HPLC sugar analysis that can be seen in Table 1, 
cellulose increased to 75.05%, and hemicelluloses decreased to 10.19% after pretreatment process. Delignification 
was reached 69.43%. Cellulose will be converted to ethanol using cellulolitic enzymeand yeast Saccharomycess 
cereviceae on SSF process. 
3.2. Effect of variation of substrate concentration loading directly on SSF process 
In an attempt to increase ethanol concentration at high substrate loading, EFBs-treated was subjected to SSF 
process by S. cerevisiae at a temperature of 32oC. SSF was conducted at 15%, 20% and 25% (g.mL-1) substrate 
loading to evaluate ethanol production. The enzymes and yeast simultaneously inserted at the beginning of SSF 
process. The sugar released from enzymatic hydrolysis are immediately consumed by yeast for ethanol production 
on SSF process. Enzymatic hydrolysis rates can be maximized by reducing the product inhibition. SSF gives higher 
ethanol yields from cellulose than SHF and requires lower amounts of enzymes [27].  
In this study, the product of SSF were analyzed using HPLC to determine the amount of ethanol formed and 
glucose and xylose remaining, shown in Fig. 2.The result indicates that 15% (A) and 20% (B) substrate 
concentration loading almost the same tendency, whereas 25% (C) showed a slow fermentation rate and low 
concentration of ethanol production. A and B could be stirred and mixed very well, so sample (1 mL) could be 
withdrawn from SSF medium from 24 h to 72 h of SSF process. Meanwhile, C could not be stirred and mixed 
perfectly because of the high viscosity, so sample could only be withdrawn at 72 h of SSF process. 
At 15% (A) and 20% (B) substrate loading, glucose could be optimum converted into ethanol in SSF process. 
The highest ethanol concentration at 72 h SSF were 68.28 g/L (A) and 78.25 g/L (B).According to literature, the 
threshold of economic profitability corresponds to bioethanol concentrations in the fermentation broth in the range 
4–5 volume percent. Achieving this threshold entails the utilization of media containing 15–20% solids (on dry 
basis) [28]. Therefore, increasing substrate loading required to produce high-concentration ethanol so that the 
process is more profitable. In this study, substrate loading was increased to 25% (C) for producing higher-
concentration ethanol. However, at 25% (C) substrate loading ethanol could not be optimally produced, which has 
remaining glucose 31.65 g/L. So it required an additional time of SSF process to convert the remaining glucose into 
ethanol. It is because high solid loadings may result in limited cellulose conversions in enzymatic hydrolysis [17] or 
in SSF stages, owing to mass transfer limitation. The efficiency of enzymatic digestibility and fermentation is 
significantly reduced at high concentrations of pretreated biomass, as mixing becomes difficult with increased 
viscosity [29]. Therefore, the next step substrate will be loaded gradually in order to obtain high-concentration 
substrate with a stable viscosity. 
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Fig. 2. Ethanol, glucose and xylose concentration of EFBs-treated at (A) 15 % (g.mL-1) substrate loading, (B) 20% (g.mL-1) substrate loading, 
(C) 25% (g.mL-1) substrate loading, with 30 FPU/g substrate of Cellic® CTec2 and Cellic® HTec2 (20% of Cellic® CTec2 loaded), 1% (g.mL-1) 
dry yeast, using the SSF process 
3.3. Effect of Substrate loading gradually to obtain a high-concentration substrate 
The production of bioethanol with substrate loading gradually to obtain a high-concentration substrate becomes 
possible to produce high-concentration ethanol, where the viscosity decreases with the formation of glucose and 
ethanol, facilitate mixing through enzymatic digestion and the progress of fermentation [30]. In this study, the initial 
substrate loading was 15% with enzyme and yeast loading. Substrate was added until 20% (D) and 25% (E) after 24 
h of SSF process without the addition of enzyme and yeast. The result can be seen in Fig. 3, which shows that A, D, 
and E substrate concentration loading almost the same tendency. Glucose can be converted into high-concentration 
ethanol. The addition of substrate gradually can make the enzymes work more optimally. During 24 h of SSF, the 
enzymes work to convert 15%substrate into glucose that simultaneously converted to ethanol by yeast. After 24 h of 
SSF, substrate was added until 20%(D) and 25% (E) so that enzymes and yeast will work to convert the fresh 
substrate. Without the addition of enzymes and yeast, D and E could be stirred and mixed perfectly so sample (1 
mL) could be withdrawn from SSF medium every 24 h. The data of ethanol production with the variation of 
substrate concentration and enzymes loading can be seen in Table 2. 
Table 2 shows that substrate loading gradually produces higher ethanol yield than substrate loading directly. At 
20% (g.mL-1) substrate loading, B and D produce almost the same concentration of ethanol on different enzymes 
loading. D requires fewer enzymes than B, that is 22.5 FPU/g substrate of Cellic® Ctec2. Whereas at 25% (g.mL-1) 
substrate loading, C and E produce a different ethanol concentration. E (25% substrate loading gradually) almost 
produces ethanol yield two times from C (25% substrate loading directly). E produce high-concentration ethanol 
(80.21% ethanol yield) with enzymes loaded lower than C. In the substrate loading directly (C), cellulose could not 
be converted optimally into glucose because of enzyme diffusion problems and limitations of the stirring and mixing 
by viscosity increase. Substrate loading directly gives a higher viscosity than substrate loading gradually so that 
enzyme and yeast could not work optimally. Based on the data in Table 2, substrate and enzymes loading which are 
believed to play important roles in selected variables (ethanol concentration, ethanol yield). Based on Collins [31] in 
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Coyle [32] estimation that the cost of enzymes for cellulosic ethanol production was 14.5% of the overall production 
costs. Minimizing enzymes (cellulase) dosage is important for cost reduction of lignocellulosic ethanol production. 
 
 
 
Fig.3.Ethanol, glucose and xylose concentration of EFBs-treated at (A) 15 % (g.mL-1) substrate loading, (D) 20% (g.mL-1) substrate loading ( 
15% at 0 h & 5% at 24 h), (E) 25% (g.mL-1) substrate loading (15% at 0 h & 10% at 24 h) in SSF process 
 
Table 2. Variation of substrate concentration and enzymes loading for Ethanol Production 
type Substrate  
loading  
(g) 
Substrate 
 loading ratio  
(% g.mL-1) 
Enzyme  
loading 
(FPU/g substrate) 
Enzyme  
loading  
(mL) 
SSF  
time  
(h) 
final Ethanol  
conc. 
(g/L) or (% v/v) 
Ethanol 
yield  
(%) 
A 15 (at 0 h) 15 30 (Cellic® Ctec2) 3.125 72 66.50 
(8.43) 
100 
20% Cellic® Htec2 
(based on volume of Cellic® Ctec2) 
0.625 
B 20 (at 0 h) 20 30 (Cellic® Ctec2) 4.167 72 78.25 
(9.92) 
92.01 
20% Cellic® Htec2 
(based on volume of Cellic® Ctec2) 
0.833 
C 25 (at 0 h) 25 30 (Cellic® Ctec2) 5.208 72 45.50 
(5.77) 
42.80 
20% Cellic® Htec2  
(based on volume of Cellic® Ctec2) 
1.042 
D 15 (at 0 h)+  
5 (at 24 h) 
20 22.5 (Cellic® Ctec2) 3.125 72 76.45 
(9.69) 
89.89 
20% Cellic® Htec2  
(based on volume of Cellic® Ctec2) 
0.625 
E 15 (at 0 h)+  
10 (at 24 h) 
25 18 (Cellic® Ctec2) 3.125 72 83.40 
(10.57) 
80.21 
20% Cellic® Htec2  
(based on volume of Cellic® Ctec2) 
0.625 
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4. Conclusions 
The experimental data showed that high-concentration ethanol could be produced by high-concentration substrate 
loading gradually. The highest ethanol concentration was 83.40 g/L (80.21% ethanol yield) by using 25% (g.mL-1) 
substrate loading gradually,18 FPU/g substrate enzyme Cellic® Ctec2 and 20% Cellic® Htec2 (based on volume of 
Cellic® Ctec2) and 1% (g.mL-1)of yeast on SSF process. Increasing substrate loading and minimizing enzymes 
dosage in SSF process is an important challenges to produces ethanol more economical. 
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